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ABSTRACT 


The wake formed by surface-piercing circular cylinders towed 
through 0, 100, and 200 parts per million (by weight) aqueous 
solutions of Poly(ethylene oxide), Polyox WSR~-301, was examined 
photographically. Cylinder diameters ranged from 1/4 in. to 2 in.; 
Froude numbers from 0.6 to 10. Measurements of spray height and 
ventilation pocket depth were made. No significant alteration of 
pocket depth with polymer concentration was observed; however, the 
Spray height was reduced by increasing the Polyox concentration. 
Qualitative differences between the wakes of cylinders in Polyox 
solutions and those in water were (1) a serrated separation line 
characterized the ventilation pocket of the polymer solutions as 
opposed to the straight separation line of water, (2) the striated 
appearance of the pocket walls in Polyox instead of the clear, 
smooth walls in water, (3) the coherence displayed by the spray in 
Polyox instead of the randam character of the spray in water, and 
(4) the larger and more irregularly shaped bubbles in Polyox as 


opposed to those in water. 
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I. INTRODUCTION 


The drag and noise reducing effect of dilute solutions of 
long chain molecules (polymers) has been vigorously investigated 
in recent years. Early studies consisted of examining the flow 
rate of these solutions through cylindrical pipes [1-16]. From 
these experiments, it was concluded that for pipe flow: 

1) No drag reduction occurs until the flow characteristics 
Change fram laminar to turbulent [16]. 

2) The amount of drag reduction increases with the Reynolds 
number of the flow and with the molecular weight of the polymer 
additive [5,10]. 

3) The thickness of the viscous sublayer increases with the 
concentration of the polymer [3,12,15]. 

The results of experimental work with rotary disks immersed 
in dilute polymer solutions confirmed the results of pipe flow 
with respect to molecular weight; and, in addition, demonstrated 
that maximum drag reduction occurred with linear polymers. The 
longer the molecule; the greater the corresponding drag reduction 
ey] . 

Early attempts to explain the friction and turbulence reducing 
mechanism of dilute polymer solutions included the proposals of slip 
at the wall [1,12], delayed transition to a turbulent boundary layer 
[6,12], and anisotropic viscosity [30]. Another, and currently most 
popular, theory attributes the drag reduction to the viscoelastic 


properties of the solution. The polymer, according to this theory, 


affects the viscous sublayer [4,6,8], the flow relaxation time 
[4,6,7,8], the turbulent energy spectra [6,8,14,18]), and the 
production and dissipation of turbulent energy [6,8,14]. 

Streamlined bodies in turbulent flow of polymer solutions were 
examined and similar drag reduction was noted [18]. However, it 
was found that after a critical concentration the drag on a stream- 
lined body inczeased over that experienced in water [19,20]. This 
increased drag was attributed to earlier separation of the boundary 
layer caused by the complete laminarization of the boundary layer 
by the high concentration of polymer. The earlier separation 
causes a larger wake than that in water alone thus augmenting the 
drag. 

The motion of blunt bodies through polymer solutions has also 
been investigated. Experiments with spheres [22,23,24], and also 
with cones, cylinders, and disks [24] freely falling through polymer 
solutions were conducted. The results show that drag reduction takes 
place for those bodies with a moveable separation point, but no 
reduction was observed on those with fixed separation points. A 
rearward displacement of the separation point on those bodies with 
moveable points was noted in polymer solutions [24]. 

At the Naval Postgraduate School, experiments with various size 
spheres, polymer types, and concentrations have been conducted with 
freely falling spheres [25,26,27]. The conclusions reached for the 
polymer Poly(ethylene oxide) (Polyox WSR-301), which was the most 
effective drag reducer, were that for spheres: 

1) No drag reduction was detected for any concentration of 
polymer for Reynolds numbers (based on the viscosity of weter) below 
We, Indeed, in this region, an increase of drag with polymer con- 


centration was observed [25]. 


2) For water Reynolds numbers above 107, at a given con- 
centration, drag reduction increased with Reynolds number (as in 
pipe flow). 

3) For water Reynolds numbers less than jimh maximum drag 
reduction occurred in a solution of 100 parts per million by weight 
(wppm) [26]. 

4) For Reynolds numbers above toe a 200 wppm solution exhibited 
better drag reduction than the 100 wpmm solution [27]. 

A proposed explanation for the reduced drag of spheres states 
that, for wake damninated flow, the polymer solution displaces the 
point of separation rearward thus reducing wake size and drag [25]. 

Experiments on towed cylinders have shown that cylinders exhibit 
behavior similar to freely falling spheres [28,29]: 

1) Drag augmentation occurred, drag increasing with increasing 
polymer concentration, for flows with water Reynolds numbers less 
than ite. 

2) Above a Reynolds number of 10*, arag reduction occurs; and, 
at constant concentration, this reduction increases with increasing 
Reynolds number. 

3) Maximum drag reduction was obtained in a 100 wopm Polyox 
solution. 

Experimental work has been done to find the effects of dilute 
polymer solutions on cavitation inception with the conclusion that 
a definite hindering of inception was observed. This effect was 
greatest for solutions of 50 wppm Polyox WSR-301 [32]. 

Same effects of the polymer solutions on the spray and surface 


wake caused by a towed surface-piercing strut have been reported [29]. 


A reduction in the size of the surface wake and a tendency for the 
spray to form sheets instead of droplets were qualitatively noted. 

Extensive work on the spray and ventilation (the formation of 
an air-filled pocket behind a surface piercing object) of towed 
bodies in water has shown that three characteristic flow patterns 
exist depending on the Froude number [33]. These are: 

1) At Froude numbers approaching zero, the deformation of the 
surface is negligibly small. 

2) For flow characterized by Froude numbers between zero and 
one, the typical wave pattern is formed with transverse and lateral 
waves originating at the leading and trailing edges of the body. 

3) Spray and possibly ventilation dominate the flow for Froude 
numbers greater than one. (See Fig. 1.) 

The effect of a polymer additive on the flow around surface~ 
piercing bodies would be of interest in the areas of hydrofoil 
development and periscope detection or in many areas where a 


surface-piercing body is utilized. 
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II. APPARATUS AND EXPERIMENTAL PROCEDURE 


A. APPARATUS 

The experiment reported herein was performed in the circular 
towing tank at the Naval Postgraduate School. This tank has a 
seven-foot outer diameter, four-foot inner diameter, and a wall 
height of eighteen inches. (See Fig. 2.) A window, through which 
pictures could be taken, was installed in the outer wall of the 
tank. The window (26" x 18" x 1" plexiglass) was mounted in an 
aluminum frame bolted to the tank. A one-inch thickness was chosen 
to prevent warping of the window by water pressure thereby aiding 
the optical fidelity of the photographs. (See Fig. 3.) A Craftsman 
1 1/2 horsepower electric motor supplied motive power, through a 
pulley and belt cambination and an Alliance Masterreducer reduction 
gear, to an aluminum T-beam towing arm. Pulley ratios possible 
were 1/3.7, 1/1.5, 1.5/1, 3.7/1. The cylinders were mounted on this 
arm equidistant from the sidewalls of the tank so that they traced 
out a circle 16.74 feet in length. The speed of rotation of the 
arm could be varied by a potentiameter motor control and by changing 
pulley ratios. 

The ranges of parameters covered in this experiment were: speeds 
fran 80 to 200 cm/sec; Froude numbers fram 0.6 to 10; Reynolds numbers 
mie 6.3 X ie COmeue x WO, Cylinders used were of 1/4", 1/2", 1", 
and 2" diameter. 

The cylinders were made of aluminum in either solid bar or pipe 
form. These were polished to present a smooth surface to the fluid 


flow and mounted in a clamp which was bolted to the towing arm. A 


dal 


cylinder was mounted so that the axis of the cylinder was normal 
to the water surface. For all cylinders but the two-inch diameter 
one, eight inches of the cylinder were immersed leaving five inches 
between the bottom of the cylinder and the floor of the tank. At 
this depth there appeared to be little influence of the floor on the 
spray and ventilation pocket of the cylinders for the speeds used 
in this experiment. The maximum speed attainable was limited by the 
necessity of keeping the ventilation pocket out of the influence of 
the cylinder bottom. This influence is indicated by the obscuring 
of the bottom of the pocket in a flurry of cavitation bubbles. (See 
Figs. 6 and 7.) The two-inch cylinder was mounted so as to be only 
3 1/2 inches from the floor of the tank. This was probably too close, 
but Since this cylinder was most likely too large for the channel of 
the tank anyway, no effort was made to alter this situation. 

The speed of the cylinders in passing the window was determined 
by means of a cam and microswitch assembly. (Fig. 4.) The cam, 
fixed to the towing arm, momentarily depressed a microswitch as the 
cylinder approached the window. The 1.5 volt pulse fram this switch 
started a Hewlitt-Packard model 5233L electronic counter. As the 
cylinder came to the other side of the window, a second microswitch 
was tripped; and another 1.5 volt pulse stopped the counter. The time 
to traverse the window was then read directly from the counter. By 
direct measurement, the distance traveled by the cylinder between 
microswitch contacts was found to be 51.6 cm and the average velocity 
Obtained by dividing this distance by the time. Since terminal velocity 
appeared to be achieved at the start of a run within about 3 feet, and 


Since the cylinders traveled approximately two thirds of the way around 
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the tank (about eleven feet) before reaching the window, the 
assumption that the velocity was constant during passage across 
the window is a reasonable one. 

The cam arrangement was also used to trip a third microswitch 
which was located between the timing switches. This third switch 
closed the contact which triggered a Strabex model 121 strobe light. 
This light provided illumination for the photographs. The best results 
were Obtained by attaching a white paper reflector to the strobe light 
and using the indirect reflected light to illuminate cylinder and 
wake. (See Fig. 5.) 

A Graflex camera with Polaroid attachment was used for the photo- 
graphy. It was mounted on a laboratory jack which was attached to a 
slotted aluminum beam. The beam was fitted to the tank by means of 
a hinge. With this set-up, the camera could be moved vertically by 
the jack or slia along the beam for either close or distant pictures. 
The hinge permitted the beam to swing upward so that photos could be 
taken from above. The film used was Polaroid, type 47, 3000 speed, 
black and white. With the indirect lighting, best results were obtained 
with an f-stop of 4.5. The camera was used in the open-shuttered mode 


with the strobe light providing the exposure time. 


B. PROCEDURE 

A routine was developed for taking data as rapidly as possible. 

1) The tank was filled with water or Polyox solution. 

2) The camera was mounted on its moveable beam and set for time 
exposure. Focusing was accomplished by placing a focusing back on the 


open-shuttered Graflex and focusing directly on the cylinder in the tank. 


al 


3) The counter and strobe light were turned on, and the strobe 
light with reflector was placed directly above the window as shown 
dif) Falepee® « 

4) The cylinder was then adjusted for the desired speed by 
running the cylinder continuously and setting the motor speed control 
for a speed slightly higher than the desired speed. This was neces- 
sary since the adjustment was made in a moving fluid. The larger 
drag experienced in quiescent fluid during the data run would slow 
the cylinder to the proper speed. After practice in the different 
solutions, a feel for the required speed control setting was developed. 

5) The cylinder was set in a position approximately one quarter 
to one third of the way around the tank beyond the window. 

6) All lights were turned off, and the camera shutter was opened. 

7) The motor was started. After the cylinder passed the window, 
the motor was stopped and the shutter closed. The lights were then 
turned on and a wire screen placed in the tank to aid in damping the 
fluid motion. The exposed picture was then developed, taken out of 
the camera, and numbered. The time interval from the counter and 
photo number were then recorded in the data book. By that time, the 


tank was ready for another run. 


C. MIXING THE POLYMER SOLUTION 

Poly(ethylene oxide), Polyox WSR-301, manufactured by Union Carbide, 
was used in this research because of its well demonstrated drag reducing 
properties. Mixing the polymer in water was accomplished by first 
suspending either 80 or 160 grams of Polyox, depending on whether a 
100 wppm or 200 wppm solution was wanted, in approximately 600 ml. of 


Polyglycol (P-400, Dow Chemical). The suspension of Polyox in Polyglycol 
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before mixing with water 1s necessary; for, if Polyox were added 
directly to water, it would form globules which dissolve very slowly. 
The suspension was then added slowly to the stream of water from 
the hose used to fill the tank. The best mixes resulted when the 
suspension was dripped into the tank next to the submerged end of 
the hose. With the end of the hose just submerged, the motion of 
the entering water could disperse the suspension effectively; and 
also the amount of air entering the fluid was kept at a minimum. 
This 1s desirable since oxygen degrades the effectiveness of the 
polymer. Once in the tank, the Polyox tends to form globules and 
precipitate to the bottom. To prevent this, a cylinder was towed 
through the mix until a uniform solution was attained. All data in 
this experiment was taken within 12 hours of mixing to reduce any 


errors introduced by the time degradation of the solution. 


D. DEVELOPMENT OF PARAMETERS 

The derivation of parameters to describe the spray and ventilation 
formed by a surface-piercing cylinder follows the development of 
Hoerner [33]. (See Fig. 1.) 

The theoretical height which spray can achieve if scooped up by 
some ideal, frictionless method can be calculated by setting the 
potential energy per unit mass of water at maximum height equal to 


the kinetic energy per unit mass of the free stream: 


where hy, is the spray height, V is the speed, o is the mass density of 
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water, and g is the acceleration due to gravity. The actual height 
of spray will be less than this because of friction effects in the 
water itself and between the water and the cylinder wall, and because 
the shape of the cylinder allows water to flow around it. A plot of 
h,/ (V*/2g) versus Fs should, therefore, be meaningful in describing 
the effectiveness of the cylinder spray phenomenon. 

By virtue of its motion, a cylinder moving through water sets up 
a hydrodynamic pressure field. In the region to the sides of and behind 
the cylinder the pressure may be negative. If the cylinder pierces 
the water-air interface, the atmospheric pressure forces the water 
surface down into any negative pressure regions until a balance is 
achieved between the sum of the hydrostatic pressure at a given depth 
(h) plus the hydrodynamic pressure (p) and the atmospheric pressure 


ion PS 


pgh t+ p= p=: 


The maximum depth in the pocket os ay is reached where the dynamic 


pressure 1S a minimum (Po) so that 


hon = (Doi 7 Ero 


This depth can be used to define a Froude number, 


a ~ ME ‘ 


Experimental results in water [33] have shown that Fe 1S a constant 
depending only on the shape of the body. It is 1.8 for a circular 
cylinder and 1.4 for a flat plate. If BL 1s a constant, then a plot 
of Leo versus ve should yield a straight line with slope Fg. This 
plot can be used to characterize the effect of Polyox on the depth of 


the ventilation pocket. 
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Itt. RESULTS 


A. SPRAY HEIGHT 

Graph 8 displays the data obtained in water both in this 
experiment and in work done by Hoerner [33]. Graphs 9 and 10 
show the results obtained for solutions of the polymer. Graphs 
11 through 14 show these results plotted for each cylinder as a 
function of concentration of polymer. 

Graph 8 shows clearly the scatter of the data observed for the 
one- and two-inch cylinders in water. In Graphs 9 and 10, it is 
seen that the additive tended to reduce this scatter for the one- 
inch cylinder. However, the data for the two-inch cylinder still 
exhibited scatter in all solutions. 

These Graphs also illustrate the tendency of the data for each 
individual cylinder to lie along its own line, characterized by 
a downward slope with increasing Froude number. At a given Froude 
number, the larger the cylinder diameter the closer h, is to the 
theoretical height in all solutions. This size effect is apparent 
in the data of Hoerner only at higher values of F.- 

The most significant effect of the additive is the reduction of 
Spray height as the concentration of the polymer increases. The 
scatter in the data for the one-and two-inch cylinders for 100 worm 
(Graph 9) does not allow any definite statements concerning this 
reduction for these cylinder sizes at this concentration; however, 
in 200 wppm, the spray height of all cylinders is noticeably reduced. 
It can be seen, in Graphs ll through 14, that the value of h, / (V“/29) 


in the 100 wppm solution is uniformly (1.e., independent of F BY lower 


1? 


than that in water by approximately 10%. In the 200 wppm solution 

the reduction has increased to approximately 30% of the water value. 
Careful study of the data of Graphs 8 through 10 for the two-inch 

cylinder, the data of Graphs 9 and 10 for the half-inch cylinder, and 

that of Graph 8 for the one-inch and quarter-inch cylinders will 

reveal a possible reversal of slope from negative to positive as 

Pa approaches zero. This reversal may be merely an optical illusion 

due to the data scatter. If this reversal is real, then the steepness 

of the slopes in this region could account for the extreme scatter 


observed. A third alternative is that this reversal is real but is 


due to interference effects in the tank. 


B. VENTILATION POCKET DEPTH 

Graph 1 gives the data for ventilation pocket depth recorded in 
this experiment and, along with Graphs 2 through 7, shows the slopes 
corresponding to an experimentally determined FL Of 1.8 fer cimeular 
cylinders and 1.4 for flat plates [33]. Graphs 2 and 3 display those 
measurements made in the polymer solutions. The data is replotted in 
Graphs 4 through 7 for each cylinder as a function of polymer con- 
centration. 

Graph 1 shows the large amount of scatter in the pocket depth 
measurements especially for the quarter-inch cylinder. An accurate 
determination of the depth of the pocket for this cylinder was hindered 
by the vortex shedding and corresponding lift oscillations that this 
cylinder exhibited, especially at higher speeds. (See Fig. 29.) 
These oscillations tended to mask the actual pocket depth. 

As shown in Graphs 2 and 3 the polymer slightly reduced the 


magnitude of the scatter. 
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The influence of the size of the cylinder on the pocket depth 
can be seen in Graphs 1 through 3. Here the two-inch cylinder 
demonstrates a tendency to follow the flat plate slope (FL = 1.4) 
at lower velocities while the other cylinders tend to follow the 
Slope for an Fy of 1.8. The slope of the data in the Polyox solutions 
was Slightly reduced fram that of water although the difference in 
Slope is within the limits of data scatter. 

An interesting, though elusive, effect was observed on 30 April 
1969, for the one-inch cylinder at speeds near 158 am/sec. At speeds 
near this, although the spray was fully developed, no ventilation 
pocket was formed. (See Figs. 20 & 21). Three pictures were taken 
of this effect. These pictures and the fact that no bubbles were 
seen under the water in the cylinder's wake tend to show that this 
1s a steady pattern rather than a momentary collapse of the pocket 
at the instant the pictures were taken. Even though it was not pos- 
Sible to reproduce this camplete disappearance of the pocket in 
Subsequent data runs, a slight dip in pocket depth at velocities 


near 158 cm/sec can be seen in Graph 3. 


eee QUALITATIVE@SETECTS 

Attention is called to Figs. 6 through 35 in Appendix B. Both 
Polyox solutions had dramatic effects on the appearance of the spray 
and ventilation pockets of all cylinders. (See Figs. 34 & 35.) 
Whereas the spray in water displayed very little cohesion, especially 
at higher speeds when droplets would form at the peak of the spray, 
the polymer solutions caused the spray to form sheets which tended to 
persist even in the form of large bubbles on the water surface in the 


cylinder wake. (See Fig. 26.) The bubbles, formed as air was trapped 
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by falling spray and by the fluctuations of the ventilation pocket 
especially at the bottom of the pocket, also had a marked difference 

in appearance in the Polyox solutions. In Polyox, these bubbles were 
large and irregularly shaped. The water bubbles were, for the most 
part, much smaller and spherical in shape. (See Figs. 16 & 18.) 

In the polymer solutions, the ventilation pockets were marked by 
striations so that the separation line on the cylinder had a serrated 
appearance; while the water separation line was straight in almost all 
cases as predicted by theory. (See Figs. 34 & 35.) Similar separation 
lines and striations were reported by Brennan [34] for fully cavitating 
flow about completely submerged spheres and other body shapes in polymer 
solutions. An attempt was made to measure the distance between ser- 
rations as a function of cylinder speed and polymer concentration; 
however, this distance seemed to vary with no definite pattern thus 
ruling out accurate measurement. The ability to produce a regular 
serrated separation line with constant serration size appears to be a 


function of how the polymer solution is mixed and aged [35]. 
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IV. CONCLUSIONS 


The technique used in this experiment to measure spray height 
and ventilation pocket depth by means of photography gave excellent 
results, but were samewhat tedious. For examining the pocket and 
spray shapes and for studying the separation line, the technique is 
particularly well suited. 

Qualitatively, the Polyox solutions altered the wake from that 
of water in various ways. The water forming the spray and ventilation 
pocket had a tendency to resist deformation so that the flow pattern 
had a smoother appearance. The spray took on a glassy look, and the 
ventilation pocket tended to fluctuate less than it did in water; 
so that a smaller amount of air was admitted into the solution in 
the form of bubbles. These bubbles were large, irregularly shaped, 
and glassy in appearance. The Polyox also altered the separation 
line of the ventilation pocket from a straight line, as in water, 
to a serrated line. The smooth ventilation pocket of water became 
marked by horizontal striations in the polymer solutions. These 
striations emanated from the peaks of the serrations in the separation 
line. 

The depth of the ventilation pocket was not noticeably changed 
in the Polyox solutions from that in water. 

The height of the spray was reduced by the polymer additive. This 
reduction increased as the polymer concentration increased. Concen- 
trations of 100 wopm of Polyox caused a 10% decrease in the height of 
spray canpared to water; and 200 wppm concentrations caused reduction 


of approximately 30% of the water value. 


Zu 


Thus, although greatly altering the appearance of the surface 
wake of cylinders, the Polyox solutions changed the spray height 
only a small amount, and the pocket depth very little, if at all. 
Further investigations into this problem are necessary to isolate 


those factors affecting the surface wake. 
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Fig. 6 Fully Developed Botton Effect: Water, 
eo= 1 inswy = leseen/sec. 





Fig. 7 Beginning of Bottom Effect: Water, 
d=1in., V = 150 cn/sec. 
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Fig. 8 Water, d = 2 in., V = 97.5 am/sec. 





Fig. 9 Water, d = 2 in., V = 142 cm/sec. 
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Fig. 10 Polyox 100 wpopm, d = 2 in., V = 99 cm/sec. 





Fig. 11 Poloyx 100 wopm, d = 2 in., V = 139 cn/sec. 
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Fics 12 Polyox 200 wow 


Q= 2in., \ 





Fig. 13 Polyox 200 worn, 
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Fig. 14 


lig Saas las 


Water, d = 1 in., V = 120 cm/sec. 





Water, d= 1 in., V = 159 oam/sec. 
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Fig. 16 Polyox 100 wppm, d = 1 in., V = 119 cm/sec. 





Fig. 17 Polyox i170 wopm, d = 1 in., V = 159 am/sec. 
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Fig. 18 Polyox 200 wopm, d = 1 in., V = 120 am/sec. 





Fig. 19 Polyox 200 wopm, d = 1 in., V = 200 cm/sec. 
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Fig. 20 Absence of Ventilation Pocket 
Polyox 200 wopm, d = 1 in., V = 156 cm/sec. 





Fig. 21 Absence of Ventilation Pocket, Polyox 
200 wopm, Gd = 1 in., V = 160 am/scc. 
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PiGi22 eiWater, dia, 1/2 ine =e soNen/sec. 





Fig. 23 Water, d= 1/2 in., V = 202 ar/sec. 
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Fig. 24 Polyox 100 woon, d = 1/2 in., V = 166 cn/sec. 





Fig. 25 Polyox 100 wopm, d = 1/2 in., V = 219 cm/sec. 
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Fig. 26 Polyox 200 wopm, d = 1/2 in., V = 178 cm/sec. 





Fig. 27 Polyox 200 wopm, d = 1/2 in., V = 221 am/sec. 
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Fig. 28 Water, d = 1/4 in., V = 157 cm/sec. 





Pig. 29 Water, d =<1/4 ins) V ==20G@sen -2e. 





Fig. 30 Polyox 100 woman, d = 1/4 in., V = 141 cm/sec 





Fig. 31 Polyox 100 wom, d = 1/4 in., V = 200 cm/sec 
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Fig. 
g. 32 Polyox'200 wour, di=31/747 7a 
ye = 140 cm/sec 





Fig. 35° x 
olyox 200 wopm, d = 1/4 in., V = 198 an/ 
sec. 
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Fig. 34 Separation Line in Water, d =] in., 
Ve=e165 cy sec. 





Fig. 35 Separation Line in 100 wppm Polyox, 
a= 2 ine, V = 179 creec. 
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